We have fabricated in the laboratory and subsequently deformed crystalline hydrates and partial melts of the water-rich end of the NH3-H20 system, with the aim of improving our understanding of physical processes occurring in icy moons of the outer solar system. Deformation experiments were carded out at constant strain rate. The range of experimental variables was strain rate 3.5 x 10 -7 < k < 3.5 x 10 -4 s -1 temperature 132 < T < 220 K, pressure 50 < P < 100 MPa, and mole fraction NH3 0 -< XNH3 --< 0.295. Phase relationships in the NH3-H20 system indicate that water ice and ammonia dihydrate, NH3 ß 2H20, are the stable phases under our experimental conditions. X ray diffraction of our samples usually revealed these as the dominant phases, but we have also observed an amorphous phase (in unpressurized samples only) and occasionally significant ammonia monohydrate, NH3 ß H20. The onset of partial melting at the peritectic temperature at about 176 K appeared as a sharp transition in strength observed in samples of XNH 3 = 0.15 and 0.295. In samples of XNH 3 = 0.05 and 0.01, the effect of melt was less pronounced. For any given water ice + dihydrate alloy in the subsolidus region, we observed one rheological law over the entire temperature range from 176 K to about 140 K. Below 140 K, a shear instability similar to that occurdng in pure water ice under the same conditions limited our ability to measure ductile flow. The rheological laws for the several alloys vary systematically from that of pure ice to that of dihydrate. Pure dihydrate is about 4 orders of magnitude less viscous than water ice just below the peritectic temperature, but because of a very pronounced temperature dependence in dihydrate (100 kJ/mol versus 43 kJ/mol for water ice) the viscosity of dihydrate equals or exceeds that of water ice at T < 140 K. The large variation in viscosity of dihydrate with relatively small changes in temperature may be helpful in explaining the rich variety of tectonic and volcanic features seen on the surfaces of icy moons in the outer solar system.
INTRODUCTION
Among the volatiles condensing from the solar nebula, ammonia must be considered as one of the important constituents of satellites of the outer solar system. Given reasonable assumptions about the composition of the solar nebula and the distillating effects of condensation in a temperature gradient and the kinetics of chemical reactions in protoplanetary nebulae, it is reasonable to expect bulk ammonia-to-water ratios in the moons of Saturn and beyond to be of the order of 0.15 [Lewis, 1972; Prinn and Fegley, 1981] . The icy moons have not always been quiescent, based on images from the Voyager missions. Signs of volcanism and a variety of tectonic activity, some with terrestrial analogs and some quite extraordinary, are abundant on both large and small moons (see Smith et al. [ 1989] and references therein to earlier reports by the Voyager imaging team). The Voyager images show no gradient in tectonic activity on icy satellites with distance from the Sun, implying either that the satellites were at about the same temperature when the tectonic activity occurred, which seems unlikely, or that there is a compositional gradient towards lower-meltingtemperature solids with increasing solar radius.
In order to constrain several of the parameters used for modeling planetary evolution and ongoing tectonic activity and surface relaxation, we have performed mechanical tests on likely planetary materials under environmental conditions of pressure, temperature, and strain rate that are relevant to Copyright 1993 by the American Geophysical Union.
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0148-0227/93/93 JB-01564505.00 satellite conditions. This paper reports our measurements for solids and partial melts in the system NH3-H20. Ammonia dihydrate, NH 3 ß 2H20, is the stable NH3-bearing phase of the water-rich portion of the NH3-H20 system below 1 GPa pressure [Boone and Nicol, 1991] , and is of particular planetological interest because it melts at approximately 176 K, even when alloyed with water ice. Furthermore, the first melt to form in the water ice + dihydrate system has approximately the dihydrate composition, leading to the possibility of fractionation and concentration of low-meltingtemperature materials on icy moons where ammonia is present. Among the satellites where NH3-H20 ices may be of particular importance are those with a radius of a few hundred kilometers or less, which are therefore less capable of generating high internal temperatures than the icy giants. It is suspected that some of the activity that occurred on these smaller and colder moons is due to the presence of solids, such as the hydrates of ammonia, with melting temperatures far below that of water ice [e.g., Consolmagno, 1983] .
In retrospect the experiments also have an important terrestrial application in that they explore the deformation of two-phase systems over a spectrum of compositions and contrasting rheologies. A few specific terrestrial assemblages have been investigated in the past, but general treatments are still mainly theoretical [see Tullis et al., 1991 sitions from pure water ice to pure dihydrate can be fabricated, the opportunity exists to test the theories much more generally than has been possible with earth materials. A detailed description of our sample synthesis method is presented here in order to explain how the equilibrium dihydrate phase was grown in spite of these problems of metastability. We exploited the phase relations for the ammonia-water system shown in Figure 1 Samples were slowly cooled from the liquidus temperature through the ice-dihydrate peritectic, then warmed and cycled through the peritectic temperature several times and finally cooled very slowly down to 77 K (approximately 6--7 hours, total) for storage. The foam sleeve insulating the sides of the sample promoted freezing from bottom to top, and the upwardly moving freezing front helped exclude trapped gas in the system. Prior to mechanical testing, samples were removed from storage, shaved flat and square at their ends, and sealed in thin-walled indium capsules.
PHASE RELATIONS IN THE SYSTEM NH3-H20
Cooling of the seed ice + liquid mixture below the peritectic temperature Tp should, if equilibrium is obtained, result in crystallization of dihydrate. X ray patterns of the as-molded samples show that this is not the case: the water ice peaks always appear clearly, but broad scattering centered around 20 = 25 ø indicates that an amorphous NH 3-bearing phase, probably glass, was formed with only minor crystalline ammonia hydrates (Figure 2b ). This is in spite of very slow cooling rates (about 3 hours to cool from T i to below Tp) and slow cycling several times across the Tp, a (Figure 2e ), a phenomenon that may be associated with initial nucleation of monohydrate at the metastable eutectic. Our lack of understanding of the occurrence of metastable monohydrate and the attendant problem of sample reproducibility were major challenges of this study.
EXPERIMENTAL TECHNIQUES AND UNCERTAINTIES
Constant strain rate tests in compression were carried out in our gas deformation apparatus designed for use at cryogenic conditions [Heard et al., 1990] . The apparatus has useful ranges of pressures 0 < P < 600 MPa, temperatures 77 < T < 300 K, and strain rates 3.5 x 10 -7 < i• < 3.5 x 10 -4 s -1, and holds a cylindrical test specimen that is at T < 176 K. The giant icy satellites (Ganymede, Callisto, Titan, and Triton) probably have interior temperatures well above 176 K, and the remaining icy satellites are too small to generate high interior pressures, so we chose relevant testing pressures below 100 MPa. Most of our runs were conducted at 50 MPa, and we varied pressure mainly to inhibit fracturing rather than to measure intrinsic dependence of flow on pressure.
As with any new and unknown material, our experimental and analytical techniques evolved with experience. Particularly important to note in this study is that our ability to avoid systematic problems improved markedly over the course of this study, so early data lack the quality of later data. This distinction generally cannot be quantified with error bars, but discussion in the text is provided in situations where the uncertainty is relevant. We suspect systematic errors from two sources: perforation of the indium jacket and the presence of nonequilibrium phases, in particular, monohydrate. Jacket leaks in pure ice samples are almost always manifested by pronounced sample weakness, but in ammonia-water samples, especially near the peritectic, we discovered that minute perforations in the jacket are not always accompanied by large anomalies in the load displacement record. On the other hand, small strength anomalies are not always the result of jacket leaks, so it follows that some data may have been subtly affected by undetected jacket leaks. We eventually removed this uncertainty by building a sample assembly that vents to room pressure, thus preventing any buildup of pressure inside the sample jacket Table 1 . In contrast, cr u is invariably 25% or more higher than Crss for pure water ice samples (see, e.g., Table 2 ). yield, indicated by the downward pointing arrow at the ultimate level of differential stress cr u that the sample withstood. For ductile deformation, illustrated by the T -155 K run in Figure 3 , we define ultimate strength cr u as the point where the stress-displacement curve reaches a maximum. Previously undeformed pure water ice invariably loses strength following cr u but eventually (after permanent strains of 5-10%) attains a state where differential stress is independent of displacement. We define the differential stress in this "steady state" Crss. For virtually all of our ammonia + water samples, rr u • rrss; hence rr u is labeled parenthetically in Figure 3 , and notation of rr u for such samples is usually not given in Table 1 . Most runs are stepped in temperature and/or displacement rate in order to gain additional data points; that is, once O-ss is achieved and there is no suggestion that it will change with further strain, we withdraw the piston to unload the sample, change run conditions, then advance the piston again once temperatures and pressures have reequilibrated.
Strength data for samples in the ammonia-water system are summarized and compared with those of pure water ice in with temperature, from a factor of about 5 just below the solidus (which translates to a factor of 5 n = 10 4 in effective viscosity) to almost no difference near 145 K. Because the planetological implications of strong dihydrate are so important, we replaced the closed sample assembly with a vented one to allow reliable testing at a lower strain rate, namely, 3.5 x 10 -7 s -1 , thus allowing us to achieve ductility at lower temperatures than previously attainable.
We then carried out a series of six runs on water ice and on our XD = 0.90 (XNH 3 = 0.295) samples. Each run lasted about a week, and all were carried out over a 5-month period to keep any effect of sensor drift (of the thermocouples in particular) to a minimum. Redundant thermocouples retained consistent readings throughout these tests, so the greatest contribution to the error bars is real temperature fluctuations, rather than uncertainty. The results for the water ice samples are listed in Table 2 , and the combined measurements for both pure and mixedphase samples are plotted in Figure 9 . The order of magnitude decrease in strain rate has pushed our limit of ductility to about 138 K, where as can be seen in Figure 9 , water ice and dihydrate have comparable strengths. Note the following details in Figure 9: (1) the strength of water ice corresponds closely to the extrapolation of the flow law determined from tests at higher temperatures [Durham et al., 1992] i.e., the dashed line in Figure 9 ; (2) conclude that at T < 140 K, dihydrate is as strong or stronger than water ice at laboratory strain rates. Ammonia monohydrate. Ammonia monohydrate should not appear as an equilibrium phase based on the phase diagram (Figure 1) [Croft et al., 1988] . If the glass that appears prominently in the as-molded starting material (Figure 2b ) has the same density as the liquid, then pressurization should favor its crystallization, which, as noted earlier, seems to have occurred in nearly every sample (Table 1) .
However, pressurization of the supercooled liquid did not seem to have induced crystallization in samples 223 or 318. We pressurized sample 318 to 180 MPa at 171 K but succeeded only in extruding sample material out the vented force gauge. Hogenboom and Kargel [1990] did find an effect of pressure in recrystallization of melted dihydrate when one did not venture too far in temperature and time from the point of melting' above 100 MPa, monohydrate recrystallizes from the melt; below 100 MPa the liquid simply supercools.
Rheology of partial melts. The peritectic melting of dihydrate at 176.1 K (Figure 1) Table 1 where ductility in some samples was maintained at stress levels well in excess of the levels where other samples faulted. All of the observed faults intersected the end caps. We suspect that misalignment of the sample ends, possibly associated with the pressure-induced devitrification process discussed earlier, may play a role in this reproducibility problem. Nonetheless, the high faulting angle and the roughly comparable faulting strength to that of the shear instability in pure ice (Figure 10 ) mentioned earlier invite comparison of the two phenomena. Durham et al. [1983] and Kirby et al. [1985] noted that faulting strength of pure ice in this regime is independent of confining pressure and that the faulting angle is close to 45 ø , both features being inconsistent with ordinary brittle fracture. Kirby [ 1987] pointed out that anomalous faulting occurs in pure ice I samples only when the experimental conditions place them metastably in the field of ice II and at temperatures low enough that the rate of the ice I --) II reaction is sluggish. Kirby et al. [1991] confirmed that ice II occurred in all samples examined that exhibited this shear instability, and so termed the phenomenon transformational faulting. They also noted that ice samples that faulted in this manner always exhibited a distribution of ice II microinclusions, some of which were in inclined arrays, suggesting sites of transformational fault nucleation. In the present study, samples in the ammonia-water system that faulted at 50 MPa did not show X ray evidence for any new phases that were not present before deformation. Our minimum level of detection of ice II is a few percent, so we cannot exclude the possibility that as much as 20% of the roughly 10 vol % ice I in X NH3 = 0.295 samples transformed to ice II.
In this comparison, we have not demonstrated that the faulting instability in samples in the ammonia-water system is independent of pressure as it is in pure ice, so the observed faulting could be ordinary fracture with an unusually high faulting angle. Alternatively, transformational faulting or similar shear instability may operate when only 10% ice I is present. Additional experiments are clearly needed in order to resolve these questions.
Microstructures in ice + dihydrate alloys. The formation of dihydrate from the liquid or amorphous solid results in a densification of about -1.8%, a volume change that should produce surface depressions where dihydrate grows at the sample surface. These depressions are replicated on the inner surface of the indium jackets as high-standing relief. Inspection of those jackets showed platelike features raised above the background surface in samples that display strong dihydrate X ray peaks along with water ice peaks ( Figures  1 lb and 11 c Table 3 with sets of flow law constants for the full range of dihydrate mole fractions.
APPLICATION TO THE ICY MOONS
Application of the results of the present study depend critically on the hypotheses mentioned in the introduction for the formation of molecular species like ammonia in the outer solar system and how they differentiate and concentrate in the course of planetary evolution. There is ample visual evidence, for example, to support pre-Voyager expectations of the presence of NH3 ices on low-density moons of the outer solar system [Lewis, 1971] , from extensive resurfacing suggestive of voluminous low-temperature liquids There are additional implications of the unusually high activation energy of dihydrate that need to be carefully considered, especially in near-surface environments where large temperature gradients exist. If the laboratory results are extrapolated to planetary strain rates, then the 6-orderof-magnitude range of viscosity of dihydrate accessible with only a 33-K range of temperature might be exploited to explain a variety of surface features. On Triton, for example, there is a great diversity of terrains and morphologies on one moon [Smith et al., 1989] . Note also that this steep effect of temperature on dihydrate viscosity has potential for thermomechanical instability in icy satellites with endogenic heat sources. It also has the potential for faulting instabilities caused by shear heating. Finally, a number of models invoke a two-layer surface structure (hard above soft) on small satellites to explain coronae [Janes and Melosh, 1988] , crater retention [Passey, 1983] , and grooved terrain [Herrick and Stevenson, 1990 ]. The viscosity gradient across a single layer of dihydrate-rich material in an ordinary near-surface gradient may suffice for these models.
SUMMARY AND CONCLUSIONS
Laboratory experiments with ammonia + water mixtures of XNH 3 -< 0.295 have confirmed earlier speculation about the weakness of these alloys at warm temperature and their ability to flow at very low viscosity in the partial melt regime, but our experiments have also revealed unexpected phase behavior and astonishing strength of the alloys at low temperatures. To summarize our findings:
1. The subsolidus flow of alloys of 0 -< XD -< 1 (XD being the mole fraction dihydrate in a water ice + dihydrate alloy) is described by a single law of the form of equation (1) 
